Abstract Stiffness is the most prevalent early local complication of primary total knee replacement, affecting approximately 6 to 7% of patients undergoing surgery. The definition of stiffness after total knee replacement in terms of restriction of the arc of motion has evolved in the last 2 decades as patients and physicians expect better postoperative functional outcomes. Gentle manipulation under anesthesia within 3 to 4 months of surgery improves the range of motion in most patients. However, approximately 1% of patients, including those in which the window for manipulation has passed, will require further surgical interventions, which may include arthroscopy with lysis of adhesions, open debridement with exchange of the polyethylene insert, or revision of one or more components. This review will focus on describing the etiology of the problem and the results of the different surgical interventions for stiffness after total knee replacement.
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The prevalence of stiffness after total knee replacement Joint stiffness requiring manipulation is the most common early disabling complication of total knee replacement (TKR). Pariente et al. [28] recently reviewed 5,714 TKRs of the Mayo Clinic Institutional Joint Registry. Manipulation under anesthesia was required in 399 cases (6.9%). Although 74% of those patients responded favorably, 14% required a revision for stiffness. Therefore, approximately 1% of all patients undergoing TKR required revision for stiffness. Similarly, Yercan et al. [39] recently reported that among 1,188 consecutive, posterior stabilized TKRs, 63 patients (5.3%) developed stiffness. Of the 56 patients available for analysis, 46 patients required manipulation and 10 (0.84% of the original cohort) required revision surgery. In the experience of one of the authors (AGDV) after 116 consecutive primary TKRs over the last 2 years, six patients (6 knees-5.1%) required manipulation; and one patient (1 knee-0.9%) required revision surgery. Thus, the incidence of postoperative stiffness was 6%.
The definition of stiffness
The definition of stiffness after TKR evolved over time, reflecting both patient and physician_s increasing expectations for function and range of motion (ROM) after surgery. Patients require a knee flexion of 65-to walk, 70-to lift an object from the floor, 85-for stair climbing, 95-for comfortable sitting and standing, and 105-for tying shoelaces [24, 31] (Fig. 1 ). Nichols and Dorr in 1990 [27] defined stiffness after TKR when there was a flexion contracture of 25-or the arc of motion was less than 45-. Christiensen et al. in 2002 [6] defined stiffness when the arc of motion was less than 70-. Finally, Yercan and coworkers in 2006 [39] defined stiffness when the flexion contracture was equal or greater than 10-or the arc of motion was less than 95- (Fig. 1) . Many of these patients, especially those with severe limitation of ROM, have severe disabling pain that interferes with their activities of daily living and quality of life.
During the evaluation of a patient who presents with a stiff TKR, the surgeon should attempt at identifying pre-, intra-, and postoperative factors that might have led to postoperative stiffness. This will allow to select the appropriate surgery and to address the patient_s expectations for function and range of motion before surgery.
Preoperative factors Patients presenting with posttraumatic osteoarthritis, those who underwent a prior high tibial osteotomy [15, 17] , and those who present with a limited preoperative ROM are at an increased risk of developing postoperative stiffness [14, 30, 34] .
The preoperative ROM is a strong predictor of the postoperative ROM after TKR. Ritter and Stringer [30] The role that obesity plays in the development of postoperative restriction of ROM is debatable. Shoji et al. [34] observed that obesity limits the postoperative ROM, presumably because of impingement of the posterior soft tissues, whereas Daluga et al. [8] did not find an association between obesity and postoperative stiffness.
Patients with history of stiffness after a TKR are at a higher risk of developing stiffness in a contralateral TKR. Lang et al. [22] recently reported that among 34 patients who had revision TKR for stiffness and 104 who had closed manipulations after primary TKR, 15 patients subsequently underwent contralateral primary TKA. Four of 15 study patients (26.7%) developed arthrofibrosis requiring manipulation. There was a significantly higher rate of closed manipulation in the study group (p=0.007).
Intraoperative factors The technical errors leading to stiffness after TKR can be categorized in the following groups: retained osteophytes in the posterior condyles, imbalance of the flexion and extension gaps, malalignment, improperly sized components, and inaccurate patellofemoral joint reconstruction [4, 36] . These technical errors can often be detected on plain radiographs and can be differentiated from other sources of stiffness (i.e., arthrofibrosis). If revision surgery for stiffness is indicated, addressing these technical errors will increase the likelihood of a successful outcome. 1. Retained osteophytes: The incomplete resection of the posterior osteophytes can limit knee extension by impeding full excursion of the posterior capsule in extension. In addition, it can limit flexion through impingement with the posterior aspect of the polyethylene insert. 2. Imbalance of the flexion and extension gaps and improperly sized components: These two categories indicates insufficient tibial resection or the insertion of a thicker than necessary polyethylene insert. Elevation of the joint line has also been associated with the development of postoperative knee stiffness [11, 34] .
Figgie et al. [11] followed 101 consecutive patients (116 posterior stabilized knees) for over 2 years and found that elevation of the joint line of at least 10 mm was associated with joint stiffness. Shoji et al. [34] reported similar findings when the joint line was elevated at least 16 mm. 3. Malalignment: It can occur in the coronal, sagittal, and rotational planes. In the coronal plane, an error of more than 5-may increase the likelihood of stiffness. In the sagittal plane, an excessively flexed or extended femoral component can limit ROM (Fig. 4) . More frequently, anterior slope of the tibial component can limit ROM. An anterior tibial slope can result in hyperextension and recurvatum deformity and limited flexion. Conversely, a tibial tray with excessive posterior slope can limit extension and produce flexion instability. 4. Inaccurate patellofemoral joint reconstruction: Maltracking or tilting of the patella as a result of asymmetric resection, malrotation of the tibial or femoral component, or excessive tightness of the lateral retinaculum can produce restricted flexion by mechanical and pain-related pathways. Overstuffing the patellofemoral joint predisposes to tightness of the extensor mechanism and therefore to limited flexion (Fig. 5 ). This situation can be created through insufficient resection of the patella [34] or anterior placement of the femoral component when posterior referencing instrumentation is used. Bengs and Scott studied the effect of patellar thickness on intraoperative knee flexion and patellar tracking. They used custom patellar trials with a thickness of 2, 4, 6, and 8 mm more than the real implant. In 31 consecutive knees, they demonstrated that intraoperative passive knee flexion decreased 3-for every 2-mm increment of patellar [25] showed no difference in postoperative ROM. Another study [10] found that closure of the fascia and capsule in 90-to 110-of flexion provided additional 5-of flexion at 1-year follow-up (117.9-vs. 112.9-).
Postoperative factors
Postoperative factors potentially leading to knee stiffness and restriction of ROM include poor patient motivation and/or selection, deep infection, heterotopic ossification, pain management regimen, and aggressive anticoagulation therapy, which may result in the development of intraarticular hematomas with secondary stiffness. Keays et al. [19] 
Surgical management of the stiff TKR
Manipulation under general or epidural anesthesia is generally successful in improving range of motion when used within the first 3 months of surgery. An excessively aggressive or a late manipulation of the knee can result in complications such as supracondylar femur fracture, patellar tendon avulsion, quadriceps tendon tears, hematoma formation, or wound dehiscence [40] .
In the event of an unsuccessful manipulation or when the window for safe manipulation has passed [18] , different surgical options may be considered. Among the possible surgical treatments for stiffness, we will discuss the role of arthroscopic lysis of adhesions, open debridement of the joint with exchange of the polyethylene insert, and revision TKR.
We performed a review of the PubMed literature without time limits to obtain information on clinical series of surgical interventions for stiff TKRs. We analyzed 16 publications with information on 198 surgical procedures and recorded the type of surgery, the average gain in ROM and follow-up. Unhappy or reoperated patients were considered failures.
Arthroscopy of the knee for stiffness
In the stiff TKR, a dense fibrous scar (Fig. 6 ) occupies the suprapatellar pouch and gutters. During open surgery for the treatment of stiffness, this fibrous scar is completely resected to allow exposure of the prosthetic components and improved motion. In the majority of patients with stiff TKR, the scar is abundant and dense in collagen fibers (Fig. 6) . Therefore, the use of arthroscopy for the effective treatment of stiffness is limited for two reasons: first, the amount of scar tissue that can be efficiently resected through an arthroscopy is limited. Second, it is not possible to address any implant related causes of stiffness, exchange a polyethylene insert, or perform a posterior capsular release. On the other hand, it is a less invasive procedure and in selected cases proved to improve the ROM.
Williams et al. [38] reported the clinical results of the arthroscopic release of the posterior cruciate ligament in nine patients with stiff, cruciate retaining TKRs at an average follow-up of 29 months after surgery. The mean knee flexion increased by 30-, the mean extension deficit was reduced to 1.5-(range 0 to 10). Two patients required a subsequent revision.
xWe analyzed seven peer reviewed publications between 1987 and 2006 collecting information on 49 arthroscopies for stiff TKR [3, 5, 9, 33, 35, 38, 39] . The follow up of these series ranged from 3 months to a year and the mean increase in the arc of motion was modest, ranging from 0-to 42-. Twelve of the 49 procedures (24.5%) failed. The previously mentioned inherent limitations of the arthroscopic approach may explain this high failure rate. Arthroscopy has the potential for scratching the femoral component that may lead to increased polyethylene wear.
Arthrolysis and liner exchange
In the presence of a combined flexion and extension deficit in a patient with a sound biomechanical reconstruction and well-fixed components, an open arthrolysis and the exchange of the polyethylene insert can be considered.
During surgery, the removal of the insert allows access to the posterior capsule, which can be released from the femur or the tibia if anterior subluxation of the tibia is possible. Downsizing the polyethylene insert has a limited impact in the success of the operation, which vastly depends on the thorough debridement, excision of the fibrous tissue in the suprapatellar pouch, medial and lateral gutters and the posterior capsular release. If the component alignment, position, sizing, and/or fixation can be improved, this limited approach is not indicated.
We analyzed four peer reviewed publications [2, 16, 20, 39] between 2001 and 2006 encompassing 37 procedures with a follow up of 3 to 4 years. The average increase in the arc of motion was 20-to 40-and failure was detected in eight cases (21.6%). Some authors have reported discouraging results with this technique: Babis et al. [2] reported the results of isolated insert exchange and arthrolysis in seven patients with stiff TKRs at a mean of 12 months after the previous surgery. The inserts were downsized in average, 2.5 mm in relation to the primary inserts. During surgery, full extension and a mean of 100-of flexion was achieved in all patients. After an average follow up of 4.2 years, two knees were re-revised. Five knees had moderate (one knee) to severe (four knees) pain at final follow-up. The gain in the arc of motion was modest from 38.6-(range 15-to 60-) preoperatively to 58-postoperatively (range 40-to 70-).
Revision surgery
The best candidates for revision are those in whom identifiable causes of stiffness can be corrected. Revision surgery remains the most effective surgical treatment for stiffness after TKR. We reviewed seven publications [6, 13, 20, 21, 27, 29, 39 ] from 1990 to 2006, including 112 procedures after a follow up of 3 to 4 years. The mean increase in arc of motion was 16-to 50-, with 16 cases (14.3%) considered failures.
Surgical approach during revision surgery should allow visualization of the components for their removal, and lateralization of the extensor mechanism without excessive tension. The disruption of the extensor mechanism is catastrophic and of difficult solution. In most cases, periosteal dissection of the proximal and medial tibia allows for external rotation of the tibia and proper lateralization of the extensor mechanism. If this approach proves to be insufficient, a lateral release can help lateralize or evert the patella.
A quadriceps snip is frequently needed to enhance exposure and diminish tension on the extensor mechanism.
Other extensile approaches such as a Coonse Adams patellar turndown or anterior tibial tubercle osteotomy are seldom required.
The quadriceps snip [12] allows easy extension of the standard midline incision by carrying the dissection of the tendon at the proximal end in an oblique direction (45-) from medial-distal to lateral-proximal. Closure is carried out in a side-to-side fashion. The V-Y quadricepsplasty was first described by Coonse and Adams [7] in 1943 and modified by Scott and Siliski in 1985 [32] to preserve the superior lateral geniculate artery. Subsequently, the approach was modified by Aglietti [1] in an attempt to preserve the inferior lateral geniculate artery and became known as the patellar turndown. The Coonse-Adams V-Y quadricepsplasty extends the standard medial parapatellar approach by incising the medial apex of the quadriceps tendon in a 45-angle toward the proximal lateral tibia. The length of this downward component of the incision can be adjusted to the relative stiffness of each individual case.
A tibial tubercle osteotomy [37] can be a suitable alternative when lengthening of the extensor mechanism is not necessary. This approach extends the distal skin incision exposing the patellar tendon on the tibial tubercle. After careful dissection of the tendon, a coronal osteotomy cut and two transverse cuts, allows the whole tubercle to be hinged laterally, maintaining its soft-tissue envelope. The osteotomized tubercle will have a length of 7-8 cm, a width of 2-3 cm and a tapered thickness being thinner distally (5-7 mm) and thicker proximally (10 mm). The tubercle can be reattached with two or three cerclage wires or with screws.
Limited revision of the femoral component
Deciding which component to revise during a total knee revision for stiffness is not always clear. Isolated femoral revision can be attempted in a patient who has properly oriented and sized tibial component, with a joint line in the proper position, and without the presence of a patella baja. The revision of the femoral component allows the surgeon to increase the flexion and/or extension gaps according to the surgical findings and circumstances of each particular case (Fig. 8) . In addition, isolated revision of the femoral component is technically easier than the isolated revision of the tibial component; the exposure is straightforward and allows full access to the posterior capsule both in the femoral and tibial sides for an extensive capsular release (Fig. 9 ) and may also allow use of implants of increased constraints (posterior stabilized and CCK knees). 
Rehabilitation guidelines
Rehabilitation after revision TKR for stiffness is paramount. Poor compliance with an intensive rehabilitation protocol after surgery can result in persistence or worsening of the stiffness. During the immediate postoperative period, the use of a pillow under the affected knee must be avoided as this may lead to a flexion contracture [23] .
The postoperative weight-bearing status, and the active and passive range of motion depends on the surgical exposure, intraoperative findings, and type of reconstruction, and must be dictated by the surgeon.
Three basic principles must be observed. First: securing and protecting the osseous fixation and the soft tissue reconstruction. Second: limitation of the stress imposed on the extensor mechanism. Third: gradual and safe progression in the arc of motion to that achieved during surgery.
The rehabilitation protocol after a quadriceps snip approach does not differ from that of a standard parapatellar approach. When other extensile approaches are used (tibial tubercle osteotomy, Coonse Adams), a knee brace locked in extension for 6 weeks should be used during ambulation. At all other times, the maximum flexion allowed by the brace must be the one obtained at the time of surgery. Moderating the amount of stress imposed on the extensor mechanism is attained by avoiding active extension of the knee and straight-leg-raise exercises for 6 weeks. The knee brace can be discontinued after that time and active and gentleactive-assisted ROM can be started.
Final considerations
Stiffness is one of the most frequent complications after TKR. As the functional demands and arc of motion expected from patients and physicians continue to increase, so will the relative frequency of stiffness after TKR. The prevalence of stiffness after TKR can be lowered by careful patient selection, meticulous preoperative planning, and surgical technique. Surgery for a stiff TKR may be required in up to 1% of patients undergoing TKR. Some patients, however, will not benefit from any operation, particularly those with connective tissue disorders, those with no apparent identifiable cause for stiffness, posttraumatic osteoarthritis, or those addicted to narcotic medications. We observed that the functional results are generally better than the objective gain in ROM.
